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Objectives: Endothelial cell seeding of prosthetic grafts has not been as successful as initially hoped and the application 
of seeding technology to alternative reconstructive procedures uch as endarterectomy and angioplasty has been 
increasingly considered. The success of such seeding depends on the ability of the seeded cells to attach t o, and form a 
monolayer on the endarterectomised v ssel wall which was the aim of this study. 
Methods: Using a seeding chamber model, heterologous human adult endothelial cells were seeded onto fTesh human 
endarterectomy specimens and cultured. Studies of endothelial call adherence toendarterectomy specimens were performed 
using Ill-Indium oxine labelled cells using methodology analogous to graft seeding. 
Results: Mean endothelial cell adherence of 70% (S.D. 10%) after 1 h incubation was achieved and the successful 
development ofa monolayer of human adult venous endothelial cells on endarterectomised arteries was demonstrated in
vitro. 
Conclusions: These results indicate that closed endarterectomy appears to offer a surface with cell attachment that is 
superior to prosthetic grafts. Where femoral endarterectomy is appropriate, ndothelial seeding potentially offers a method 
of reducing thrombogenicity and intimal hyperplasia, improving patency and avoiding a prosthetic graft whilst preserving 
collateral circulation and autologous vein. 
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Introduction 
In vitro culture of human adult endothelial cells is well 
established and has also been achieved on prosthetic 
graft materials. 1-3 Cell adherence to prosthetic grafts is 
poor 4 unless the surface is coated with a protein-rich 
layer such as 7Plasma, preclot or basement membrane 
component, a- The surface of a native artery after 
endarterectomy consists of a living layer of tissue 
expressing suitable surface proteins. 
Endarterectomy has several advantages over pros- 
theses in appropriate patients where no suitable 
conduit is available, including anatomical specificity, 
absence of foreign material, maintenance of collateral 
vasculature and no anastomoses. There is no evidence 
of spontaneous endothelialisation f endarterectomy 
sites in humans but the thrombogenicity of the artery 
after endarterectomy in animals marc be reduced by 
successful endothelial cell seeding. ° This could be 
accomplished with cells from vein segments imprac- 
tical for bypass and the shorter length of the endarter- 
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Human adult endothelial cells (HAECs) were har- 
vested enzymatically from saphenous vein segments 
using Collagenase II (Sigma Chemical Company, St 
Louis, U.S.A.) as described previously. 7 Primary iso- 
lates were plated onto culture flasks, grown to 
confluence and passaged as necessary. Cells were 
prepared for seeding by incubation with 0.25% Tryp- 
sin/EDTA (Gibco, New York, U.S.A.) for 2 rain, 
neutralised with complete medium (MUM; Medium- 
199 with Earle's salts and 20 mM Hepes buffer (Flow 
Laboratories Ltd, Irvine, Scotland), L-glutamine 2 
mmols/ml, Heparin 100 U/ml ,  endothelial cell 
growth factor 0.03 mg/ml, Gentamicin 0.04 mg/ml 
(Sigma Chemical Compan3~ St Louis, U.S.A.), and 20% 
Fetal Calf Serum) before centrifugation at 1500g for 5 
ectomy means that a higher seeding density can be 
achieved. 
We report the successful development of an in vitro 
seeding technique to create an endothelial monolayer 
on endarterectomised superficial femoral arteries. 
Materials and Methods 
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min. The cell pellet was resuspended in MUM for 
seeding. A 200/~1 aliquot was removed for quantitation 
of seeding density by Coulter Counter (Coulter 
Electronics, U.K.). 
Specimens of proximal human superficial femoral 
artery (SFA) were obtained from patients with 
occluded vessels undergoing femoropopliteal bypass. 
Prior to removal, the segments of SFA were endarter- 
ectomised using a semi-closed loop technique. Ethical 
committee approval was obtained before the study 
commenced. Specimens were transported from the 
operating theatre to the cell culture laboratory in 
phosphate buffered saline (PBS) at 4°C, and seeded 
immediately using cultured heterologous HAECs. 
Two methods of seeding were employed. 
Chamber seeding 
Endarterectomised arterial segments (EAS) were 
opened longitudinally and divided into squares in 
sterile conditions. Squares were washed with PBS and 
inserted into seeding chambers with a base diameter 
of 1 cm, formed by inverting Eppendorf tubes and 
removing the apex. The seeding suspension was then 
added and the chamber covered and incubated for I h 
at 37°C. The remaining seeding solution above the 
EAS was then aspirated, replaced by culture medium, 
and the chamber returned to the incubator for a 
further 72 h during which the medium was changed 
twice to remove non-viable, detached cells. 
Cylinder seeding 
EAS were washed through with PBS and clamped at 
the distal end. The seeding suspension was introduced 
to the vessel, and the proximal end clamped. Speci- 
mens were incubated at 37°C for 1 h in a water bath 
and then the seeding suspension drained and the 
segment gently washed through with PBS. 
Endothelial cell labelling with 111-Indium was 
performed by incubation of the cell pellet with 5MBq 
of 111-Indium for 30 min as previously described/ 
Labelling efficiency was calculated from the activityin 
the removed supernatant and the initial activity 
administered, as follows. 
activity[P] 
labelling efficiency - x 100 
activity[P] + activity[SN] 
where P = cell pellet, SN -- supernatant 
Studies were made of HAEC attachment to the EAS, 
and of culture of HAECs on the endarterectomy 
surface. 
For attachment studies, EAS were cylinder-seeded 
with 111-Indium-labelled HAECs at a subconfluent 
seeding density of 50-100,000 cells/cm 2. After incuba- 
tion, the activity on the segments and that remaining 
in the excess seeding solution were measured in a 
scintillation counter (DA Pitman, Weybridge, U.K.) 
from which attachment rates were calculated as 
follows. 
attachment = activity[EAS] x 100 
activity[EAS] + activity[So]n] 
where EAS = endarterectomised arterial segment, So]n = seeding 
solution + washings 
For culture studies, EAS were chamber-seeded at low, 
5 x 104 cells/cm 2, and high, 1.5-2 × 105 cells/cm 2, 
densities. Immediately after seeding, and after 72 h 
culture, specimens were removed from seeding cham- 
bers, washed in PBS to remove ffete cells and fixed in 
glutaraldehyde/cacodylate for electron microscopy 
and formalin for histology. 
Electron microscopy was performed on the environ- 
mental scanning electron microscope (ESEM), no 
further preparation of the specimen being needed 
other than washing in PBS prior to examination. 
Results 
Attachment s udies 
After one hour's incubation, the attachment of hetero- 
logous HAECs to human endarterectomy specimens 
was 70% (S.D. 10%, n = 7) of seeded cells. Labelling 
efficiency was 65%. 
Culture studies 
Electron microscopy 
Vein and EAS. Native vein segments how a typical 
confluent monolayer of endothelium in a 'cobblestone' 
morphology (Fig. 1) with prominent nuclei. An orga- 
nised, spiral pattern of cell alignment appears to be 
present. By comparison, the endarterectomised arte- 
rial segments how no endothelium and the exposed 
surface is a rough, undulating one of elastic fibres over 
smooth muscle cell groups. Scattered erythrocytes are 
seen in the irregularities of the artery wall (Fig. 2). 
EAS immediately post-seeding. The arterial surface 
immediately after seeding shows the endothelial cells 
scattered across the endarterectomy surface, mostly 
rounded in shape but beginning to flatten (Figs. 3 and 4). 
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EAS 72 hours post-seeding. The seeded endothelial cells 
are approaching confluence and are comparable mor- 
phologically with the endothelium of the donor vein 
(Figs. 5 and 6) though lacking the orientation con- 
ferred by exposure to flow. 
Light microscopy. The flattened endothelial cells can be 
clearly seen across the endarterectomy surface (Fig. 7). 
The cells' endothelial nature is confirmed by immuno- 
histochemical staining for Factor VIII-related antigen 
(Fig. 8). 
Fig. 1. Saphenous vein endothelium, ESEM 5< 240. Reproduced here at 80%. 
Fig. 2. Fresh human endarterectom3~ ESEM × 195. Reproduced here at 80%. 
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Seeding density. Endothelialisation f segments seeded 
with low seeding densities did not progress to the 
same extent as those seeded with high numbers of 
cells, judged by visual appearances. In both groups, 
some specimens failed to produce an endothelial layer 
and the 72 h pictures revealed few remaining cells. In 
the low seeding density group, significant endothelial- 
ization was seen in only 2/6 specimens, both clearly 
Fig. 3. Endarterectomy immediately post-low density seeding. ESEM × 305. Reproduced here at 80%.
Fig. 4. Endarterectomy immediately post-high density seeding, ESEM × 190. Reproduced here at 80%.
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short of confluence. In the high seeding density group, 
endothelialisation was virtually complete in 6/8 
specimens. 
Discussion 
Although Jaffe et al. 9 first described harvesting and 
Fig. 5. Endarterectomy 72 h post-seeding, ESEM × 245. Reproduced here at 80%. 
Fig. 6. Endarterectomy 72 h post-seeding, ESEM × 1600. Reproduced here at 80%. 
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culture of human umbilical vein endothelial cells in 
1973, adult cell lines were not successfully cultured 
until Jarrell et al. ~° identified the requirement for 
endothelial cell growth factor and heparin. Human 
adult endothelial cells have been cultured from veins n 
and capillaries, 12 and cell lines successfully trans- 
ferred onto prosthetic graft surfaces such as ePTFE 
and DacronJ '233 This stimulated work on seeding 
grafts with endothelial cells to create an actively 
antithrombotic surface and improve patency. The 
Fig. 7. Endothelial monolayer on EAS, haemotoxylin/eosin. Reproduced here at 75%. 
Fig. 8. Endothelial cells on EAS, IHC staining for Factor VIII-related antigen. Reproduced here at 75% 
Eur J Vasc Endovasc Surg Vol 10, October 1995 
314 J.V. Smyth et al. 
technique has not transferred well to the clinical 
sphere for several reasons including low cell numbers 
for seeding and poor attachment to untreated prosthe- 
ses. 7'10 Optimal seeding conditions have been investi- 
gated by Kent et al. 6 suggesting a seeding density of 
1-2 × 105 cells/cm 2 is required to achieve a mono- 
layer rapidly and that fibronectin precoating produces 
the best rates of endothelial ttachment. 
Achieving a suitable seeding density becomes 
increasingly difficult with more distal revascularisa- 
tion techniques, and thus longer grafts, in patients 
without suitable autologous vein. Several techniques 
have been suggested to overcome this, including 
endothelial cell harvest from adipose tissue 12 or 
omentum, 3 seeding of tissue fragments 14and using 
13 15 subcultured cells, ' but none are currently practical. 
Poor attachment to prostheses has been shown to be 
markedly improved by the use of a protein matrix 
such as fibronectin, preclot or plasma 7 but requires 
pretreatment of the graft, and the long-term stability 
of the coating is unknown. 
Endarterectomy of the SFA has several advantages 
over the use of a prosthesis including resistance to 
infection, an anatomically and immunologically cor- 
rect conduit, and no artificial material or anastomoses. 
Patency rates for the two procedures are comparable 16 
in patients with short to medium length occlusions 
and good run off. 17'18 In animals, endothelialisation f 
endarterectomised v ssels takes place rapidly as does 
the development of a monolayer in prosthetic grafts, 
but there is no convincing evidence of either occurring 
in humans. Schneider et al. 19 showed in baboons that 
autologous endothelial cell seeding of endarterecto- 
mised iliac vessels with cultured endothelial cells 
improved patency and accelerated evelopment of 
endothelial cover. Sterpetti et al. showed that the 
thrombogenicity of carotid endarterectomy is reduced 
when acutely seeded with autologous venous endo- 
thelial cells in a canine model s though patency was 
unaffected. In a similar study using precultured 
endothelial cells, improved patency was reported for 
the seeded group. 2° More recently, Thompson et al. 21 
have worked extensively with autologous eeding in 
rabbits, showing that cell adherence to native veins 
endothelially challenged by angioplasty is good and 
that cells seeded onto the damaged surfaces retain 
normal function. 22 There is also evidence that seeding 
inhibits the development of neointimal hyperplasia 
(NIH) after endarterectomy 2° or angioplasty. 23 
We have shown that these favourable attachment 
characteristics are also true of human endothelial cells 
and that seeded cells are capable of producing a 
confluent monolayer in vitro in a relatively short space 
of time if seeded at high densities. As has been clearly 
shown in the seeding of prosthetic grafts, an impor- 
tant factor in the success of seeding is adequate cell 
numbers to allow for both nonwiable cells in the 
seeding suspension and non-attachment of viable 
cells. Where low numbers of viable cells adhere, the 
development of confluence is much slower, if achieved 
at all, and there are several possible reasons for this. 
The increased rate of mitosis required to cover the 
surface from a lower initial cell number may accelerate 
senescence from programmed cell death, or prolifera- 
tion may be restricted to islands of viable cells. The 
cells may control replication by secretion of paracrine 
and autocrine factors, in a similar way to control of 
underlying smooth muscle hyperplasia, or vasomotor 
and antithrombotic rhles. With larger numbers of 
seeded cells, stimulus to division would then be more 
marked and proliferation more rapid and extensive. 
A key factor influencing the cell numbers attaching 
to the seeded surface; endarterectomy, graft or culture 
plate; is the nature of that surface. Endarterectomy 
shows cell adherence comparable to the best achieved 
with prosthetic grafts after precoating, and far supe- 
rior to the uncoated graft material. The relatively 
smooth surface xposed by endarterectomy expresses 
fibronectin, for which endothelial cells have specific 
receptors, and it is likely that it is this or other matrix 
proteins that accounts for the high rates of attachment. 
Angioplasty sites by contrast are highly irregular, 
reducing the effectiveness of seeding, and largely 
consist of compressed atheromatous plaque. The 
endothelial cell adherence characteristics of atheroma 
remain to be shown, and the smooth muscle cells 
within active plaque have been shown to express 
prothrombotic factors--thrombosis being known to 
cause endothelial loss. 
The early results in appropriately selected patients 
for both angioplasty and endarterectomy are excellent 
and successful endothelial seeding offers promise in 
reducing late failures due to NIH. The reduction in 
thrombogenicity due to endothelialisation is the result 
of the passive presence of the endothelium and its 
active metabolic r61e. In vivo seeding of autologous 
cells onto endarterectomy sites is feasible using vein 
segments unsuitable for bypass, though the incuba- 
tion period of i h in this in vitro model would not be 
practical clinically. Previous graft seeding work has 
shown that most cell attachment occurs in the first 
15-30 rain, a more realistic timeframe. Although we 
have not examined the effects of flow conditions when 
significant cell loss is probable, autologous cells 
seeded onto native endarterectomy surfaces could be 
expected to show better retention than to prosthetic 
grafts. The shorter length of the endarterectomy 
compared with a prosthetic graft required to achieve a
Eur J Vasc Endovasc Surg Vol 10, October 1995 
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comparable reconstruction also means that seeding 
densities would be higher, and the avoidance of 
anastomoses removes the major site of late failure due 
to NIH. Additionally, the vessel lumen is increased 
following endarterectom~ especially if a vein patch is 
employed for arteriotomies, and the procedure has the 
advantage over angioplasty of removing the lesion, 
which should reduce recurrent stenoses. Such recur- 
rences can be successfully treated with angioplasty if 
necessary.  24 
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